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Stimulation of in vitro transcription by the upstream element
(UE) of the adenovirus-2 major late promoter (Ad2MLP) in-
volves a specific trans-acting factor present in a HeLa whole-
cell extract. By following its transcriptional stimulatory ac-
tivity and its DNase I footprint on the Ad2MLP-UE, we have
purified this factor to > 10% purity and separated it from
RNA polymerase B and the general transcription factors re-
quired for transcription from the Ad2MLP.
Key words: Ad-2MLP/RNA polymerase B/in vitro transcription/
initiation factors

hsp 70 gene (Parker and Topol, 1984b) and the SV40 enhancer
(Wildeman et al., 1984, 1985; Sassone-Corsi et al., 1985).
Sequences located upstream from the TATA box (from -51

to -66/67) are required for efficient transcription from the
adenovirus-2 major late promoter (Ad2MLP) both in vivo and
in vitro (Hen et al., 1982; Yu and Manley, 1984; Jove and
Manley, 1984; Miyamoto et al., 1984, 1985) and this upstream
element (UE) is recognized specifically by a factor con-
tained in HeLa cell extracts (Miyamoto et al., 1984, 1985; Car-
thew et al., 1985; Sawadogo and Roeder, 1985). To understand
how this upstream element factor (UEF) stimulates initiation of
transcription from the Ad2MLP, we have undertaken to
reconstitute an in vitro transcription system from purified com-
ponents. We report here the purification of the Ad2MLP upstream
element factor (Ad2MLP-UEF). Concurrently, we have iden-
tified at least four general transcription factors (43 kd STF, BTF1,
BTF2 and BTF3) which together with RNA polymerase B are
necessary and sufficient for accurate initiation of transcription
from either the wild-type or the UE-deleted Ad2MLP.

Introduction
The promoter region of genes transcribed by RNA polymerase
B (II) are composed of several elements: (i) the cap site or start
site element, which contains the bases coding for the 5' terminal
nucleotides of the mRNA; (ii) the TATA box, a highly conserv-
ed A-T rich region which is located - 30 bp upstream from the
start site and directs the transcription machinery to initiate at this
site; (iii) the upstream elements which are located in the -40
to -110 region upstream from the start site and are required
for efficient transcription and (iv) enhancers which stimulate
transcription bidirectionally even when moved away from the
promoter and located either upstream or downstream from the
cap site (for references and reviews, see Breathnach and Cham-
bon, 1981; Serfling et al., 1985; Wasylyk, 1985).

In vitro and in vivo studies have shown that transcription fac-
tors interact with these promoter elements. At least one of these
factors interacts specifically with the TATA box and start site
region of different genes to form a stable pre-initiation complex
(Davison et al., 1983; Fire et al., 1984; Parker and Topol,
1984a). This interaction occurs in the absence of RNA
polymerase B and is stabilized by another factor (Egly et al.,
1984; Fire et al., 1984) which appears to co-purify with actin
[the 43 kd stimulatory transcription factor (STF) of Egly et al.,
1984 but see also Samuels and Sharp, 1986]. At least two other
factors and RNA polymerase B are required to initiate specific
RNA synthesis (Matsui et al., 1980; Davison et al., 1983; Fire
et al., 1984). Other sequence-specific factors which interact with
upstream and enhancer elements have been identified and in some
cases partially purified, e.g. those for the 21-bp repeat region
of the SV40 early (Dynan and Tjian, 1983; Gidoni et al., 1984,
1985; Barrera-Saldana et al., 1985), the Drosophila heatshock

Results
The purification of the factor interacting with the upstream ele-
ment of the Ad2MLP was followed by three methods: (i) selec-
tive stimulation of run-off transcription from a template which
contains the Ad2MLP upstream element (Ad2MLP-UE),
(Miyamoto et al., 1984); (ii) DNase I footprinting (Galas and
Schmitz, 1978) on the Ad2MLP-UE sequences (Miyamoto et al.,
1985); (iii) specific binding of Ad2MLP-UE DNA onto nitro-
cellulose (filter binding assay). The DNA template used in
transcription assays was the double-promoter recombinant,
pM34.97 (see Miyamoto et al., 1984 and Figure 2A) which con-
tains both an intact and an UE-deleted (between -34 and -97)
Ad2MLP. Using AccI-digested pM34.97, specific 309 and 212
nucleotide-long run-off transcripts are obtained for the deleted
'34' and the intact '97' promoters, respectively (Figure 2A). Thus
a selective stimulation of transcription from the '97' template can
be used to follow the presence of the UEF during the purifica-
tion. The purification steps are outlined in Figure 1 and Table
I in which the amount of protein used for the footprinting, nitro-
cellulose binding or transcription assays is also indicated. Since
the transcription reaction was not optimized at each step of
purification for the amounts of the general transcriptional fac-
tors, it was not possible to define a unit of stimulatory activity
for the upstream element factor.

Heparin - Ultrogel chromatography
The whole cell extract (WCE) was applied onto a
Heparin-Ultrogel column, which yields two fractions absolutely
required for accurate and efficient transcription from the
Ad2MLP. The Heparin flow-through (HFT) contains a stimu-
latory transcription factor (43 kd STF), which has been previously
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characterized (Egly et al., 1984). Here we
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have mainly used the cellular and viral promoters previously tested (SV40 early,
ie HFT fraction on a Ad2MLP, Ad2E2, Ad5E3, rabbit fl-globin, HSV thymidine
1984)] as a source of kinase, chicken conalbumin; see Davison et al., 1983; Miyamoto
'.6 M KCl eluate from et al., 1984 and data not shown).
polymerase B and all The UEF appears to be present in the HO.6 fraction (Figure
ranscription from the 2B, lane 1; compare the 309 nucleotide run-off from the '34'

template and the 212 nucleotide run-off from the '97' template).
Transcription from the '97' template was decreased to the level
found with the '34' template in an in vitro competition assay in
which H0.6 was incubated prior to addition of the pM34.97
plasmid with a DNA fragment (-260 to -34) containing the

HO 6) IM upstream element (see Miyamoto et al., 1984). In addition in-
>pw creasing amounts of HO.6, but not of HFT, preferentially

stimulated in vitro transcription from the '97' template (not
0.25 ()OEO.25) IM (DE1IM) shown).

mirn !ELUDIm The presence of the UEF in the H0.6 fraction was supported
by DNase I footprinting (Figure 2C, lane 2) using the 32P 5' end-
labelled coding strand from the wild-type Ad2MLP recombinant

I(SPOM) pM677 (see Materials and methods). A region of protection (P)
I:II.U was found between -67 and -50, as well as a major hyper-

sensitive site (HS) at residue -69 and two additional hyper-
sensitive sites at residues -73 and -71 (the footprint is described

(RWM in detail in Miyamoto et al., 1985). Although full protection was
not achieved at this and the next step of the purification (most

mylapaIte 'probably because of the presence of competing non-specific DNAioni --r- -- binding proteins), the hypersensitive site at -69 constitutes a0.25M 0.5M (HAPO.5) useful indicator of the specific binding of the UEF.
ilycerol Gra ient iNW
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Fig. 1. Purification scheme of the Ad2MLP upstream element factor. The
purification steps are described under Materials and methods. The
abbreviations used are: kd, kilodaltons; STF, stimulatory transcription
factor; BTF, RNA polymerase B transcription factor; UEF, upstream
element factor.

DEAE SPW chromatography
The HO.6 fraction was separated into five fractions on a DEAE
column by stepwise elution: the 0.05 M flow-through (DEFT),
0.15 M (DEO. 15), 0.2 M (DEO.20), 0.25 M (DEO.25) and 1 M
(DE1M) KCI fractions (Figure 1). When individual DEAE frac-
tions were tested for in vitro transcriptional activity, no specific
run-off RNA could be detected (Figure 2B, lanes 2 and 3 and

Table I. Purification summary of the Ad2MLP upstream factor

Purification Fraction Volume Protein Total Protein per assay (jug) Total unitsf
step (ml) concentration protein Transcript.b Footprintc Retentione Footprint Retention

(mg/ml) (mg)
a~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

1 HeLa WCEa 420 7 2940 42 -

2 Heparin-Ultrogel (HO.6) 270 0.70 189 4.2 0.7d

3 DEAE-5PW (DEO. 15) 40 0.45 18 1.8 0.9d - - -

4 Sulfopropyl-5PW (SPO.35) 18 0.40 7.2 1.5 0.1 0.076 72 000 95 000

5 Red-Trisacryl (RT2M) 5 0.20 1 0.5 0.02 0.03 50 000 33 000

6 Hydroxylapatite (HAPO. 12) 1.2 0.1 0.12 - 0.006 0.008 20 000 15 000

7 Glycerol gradient 2 0.001 0.002 - 0.003 0.003 700 700

(pooled fractions)

aPrepared from 4.5 x 1010 HeLa cells (100 1 of HeLa cells).
bAmount of protein which gives a level of in vitro transcription similar to the level obtained with the WCE.
cAmount of protein which yields 'full' footprint with 1 ng of DNA for each particular fraction.
dThe footprint obtained with these fractions is not as strong as with the more purified fractions. Using higher amounts of proteins inhibits the footprint,
probably due to binding of non-specific proteins. Hence these values cannot be directly compared with those given for the more purified fractions.
eAmount of protein required for the retention of 1 ng of DNA on the nitrocellulose filter.
fOne unit = amount of protein required for full protection of 1 ng of DNA in the footprint assay or for retention of I ng of DNA in the filter binding assay.
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data not shown). However, simultaneous addition of the DEO. 15
and DEO.25 fractions to an incubation mixture containing calf
thymus RNA polymerase B and 43 kd STF, yielded a specific
RNA run-off (Figure 2B, lanes 4-7). No specific transcription
was seen in a reaction containing the DEO. 15 and DEO.25 frac-
tions, but lacking either 43 kd STF or RNA polymerase B or
both (Figure 2B, lanes 8-10). The DE1M fraction contains
>97% of RNA polymerase B activity as determined by [3H]
a-amanitin binding (data not shown). Due to the instability of
the enzyme in this fraction, we have used RNA polymerase B
purified from calf thymus (Kedinger and Chambon, 1972).
The DEO.25 fraction was absolutely required to reconstitute

transcription from either the '34' template or '97' template (com-
pare Figure 2B, lanes 2 and 4-7). Using a competition assay
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with two different DNA templates (as described in Davison et
al., 1983), we have found that the DEO.25 fraction contains a
factor (hereafter called BTFl) which binds to the TATA box
region and is involved in the formation of a stable pre-initiation
complex in the presence of the 43 kd STF (unpublished results).
The DEO. 15 fraction was also required to reconstitute in vitro
transcription from both templates (compare Figure 2B, lane 3
and 4-7). Increasing the DEO. 15 fraction concentration resulted
in an increased transcription from the '97' template compared
with the '34' template (see Figure 2B, lanes 4-7). Footprinting
assays indicated that only the DEO. 15 fraction contained the UEF
(Figure 2C, lane 3 and results not shown). Since there was no
transcription of the '34' template in the absence of the DEO. 15
fraction (Figure 2B, lane 3), we conclude that this fraction con-
tains at least one general transcription factor in addition to the
UEF.
Sulfopropyl 5PW chromatography
The DEO. 15 fraction was applied to a sulfopropyl column and
separated into four fractions by stepwise elution: the flow-through
(SPFT), 0.18 M (SPO.18), 0.35 M (SPO.35) and 1 M KCl
(SPIM) fractions (Figure 1). These fractions were first tested
for the presence of the UEF using the DNase I footprinting assay.
Only the SPO.35 fraction gave a 'full' footprint on the Ad2MLP-
UE sequence (Figure 3A, lane 4). The upstream element was
fully protected against DNase I digestion between -50 and -67
and the hypersensitive sites (HS) were very strong. (In some of
the preparations the SPIM fraction gave a weak footprint as
shown in lane 5 and in Figure SA, lane 6.) The SP0.35 and the
other sulfopropyl-eluted fractions were tested separately in a
transcription assay (Figure 3B) containing the other essential
transcriptional components; 43 kd STF, calf thymus RNA
polymerase B and DEO.25 fraction. No specific RNA was ob-
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Fig. 2. (A) Structure of the Ad2MLP-containing recombinant used for in
vitro transcription. The construction of the pM series has been described
previously (Miyamoto et al., 1984). The pM34.97 recombinant has two
Ad2MLP regions (solid heavy lines) and was constructed by insertion of the
repaired BamHI Ad2MLP-containing fragment from pSVA97 (Hen et al.,
1982) into the Pvull site of pM34. The '97' and '34' units contain deletion
(blank space) from positions -97 to -363 and positions -34 to -372 of
the Ad2MLP sequence respectively. (B) Reconstitution assays using the
DEAE-fractions. Reactions were carried out as described under Materials
and methods. Various combinations of the RNA polymerase B (0.2 1l)
43 kd STF (2 yl of DE0.35), HO.6 (6 Al), DEO.25 (4 Al) and DEO.15 (4 A1
or as indicated) fractions were tested for specific transcription activity with
150 ng of the AccI-digested pM34.97 plasmid as indicated at the top of the
figure. The size of the '97' template (212 nucleotides) and '34 template
(309 nucleotides) run-off are indicated by the arrows; M: size markers: 32p
end-labeled MspI fragments of pBR322. (C) DNase I footprinting on the
coding strand of the XhoI-BamHI fragment of pM677 (PM677 has been
previously described in Miyanoto et al., 1984). The preparation of the
footprinting template and the footprint assay are described under Matierals
and methods. Lane 1, naked DNA; lane 2, 1 il of H0.6; lane 3, 2 1l of
DE0.15. P indicates the protected region. HS indicates the hypersensitive
site.
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Fig. 3. Sulfopropyl chromatography of the DEO. 15 fraction. (A) DNase I
footprinting on the coding strand using SP fractions. Lane 1, naked DNA;
lane 2, 5 yd of SPFT; lane 3, 5 i1 of SPO. 18; lane 4, 0.5 1l of SPO.35;
lane 5, 5 itl of SPIM. (B) Reconstitution assays using the SP fractions.
Reactions, DNA templates, size run-off and markers as in Figure 2B.
Various combinations of the RNA polymerase B (0.2 IL) 43 kd STF (2 IAI of
DEO.35), DEO.25 (4 il), DEO.15 (4 ul), SPFT (10 1l), SPO.18 (10 IL),
SP0.35 (10 IL or as indicated) and SPIM (5 1l) fractions were tested for
specific transcription activity as indicated at the top of the figure.
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tained in the absence of the SPO.35 and SPIM fractions (Figure
3B, lanes 2-5). However, their presence restored accurate
transcription of both '34' and '97' DNA templates (lanes 6-10).
We conclude that SPO.35 and SPlM fractions contain each at
least one general transcription factor (BTF2 and BTF3 respec-
tively). Increasing the amount of SPO.35 fraction in the presence
of a given amount of the SPIM fraction resulted in increasing
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transcription from the '97', but not from the UE-deleted '34'
template (compare lanes 6-10). These results confirm that the
Ad2MLP-UEF is present in the SPO.35 fraction.
Red Trisacryl chromatography
The SPO.35M fraction was chromatographed on a Red Trisacryl
column (Figure 1). Most of the proteins present in the SPO.35M
fraction were retained on this column, and were separated into
four fractions by stepwise elution: flow through (RTFT), 0.5 M
(RTO.5), 0.8 M (RT0.8) and 2 M KCI (RT2M) fractions. Foot-
printing analysis demonstrated that only the RT2M fraction con-
tained the UEF (Figure 4A, lanes 5-8). These fractions were
tested in a transcription assay containing RNA polymerase B and
the three general transcription factors contained in the DE0.35
(43 kd STF), DEO.25 and SPIM fractions. Only the RT2M frac-
tion restored transcription from the '97' as well as from the '34'
template (Figure 4B, lane 4), indicating that the RT2M fraction
contained some general transcription factor activity(s) present in
the SPO.35 fraction. Furthermore, increasing amounts of RT2M
stimulated preferentially transcription from the '97' template
(Figure 4B, lanes 5-7), indicating the presence of the UEF in
this fraction.
Hydroxylapatite chromatography
The RT2M fraction was applied onto a hydroxylapatite column
and separated into three fractions by stepwise elution with a
phosphate buffer: 0.12 M (HAPO. 12), 0.25 M (HAPO.25) and
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Fig. 4. Red-Trisacryl chromatography of the SPO.35 fraction. (A) DNase I
footprinting on the coding strand using Red-Trisacryl fractions. Lane 1,
0.5 yl of SPO.35; lane 2, 15 A1 of RTFT; lane 3, 15 yl of RTO.5; lane 4,
15 Al of RTO.8; lanes 5-8 correspond to 0.05, 0.1, 0.15 and 0.2 Al of
RT2M respectively; lane 9, naked DNA; M: size markers as in Figure 2B.
(B) Reconstitution assays using Red-Trisacryl fractions. Reactions, DNA
templates, size run-off as in Figure 2B. Various combinations of the RNA
polymerase B (0.2 1l), 43 kd STF (2 A1 of DEO.35), DEO.25 (4 Al), SPIM
(5 IAI), RTFT (15 ,ul), RTO.5 (15 pA), RTO.8 (15 1l) and RT2M (15 Al or as

indicated) fractions were tested for specific transcription activity as indicated
at the top of the figure.

Fig. 5. (A) DNase I footprinting on the coding strand using the fractions
necessary for accurate initiation of transcription. M: size markers as in
Figure 2B; lane 2, naked DNA; lane 3, 1 A1 of DE0.35; lane 4, 0.2 yd of
calf thymus RNA polymerase B; lane 5, 4 A1 of DEO.25; lane 6, 5 ul of
SPIM; lane 7, 15 Al of HAPO.5; lane 8, 0.35 tl of SPO.35; lane 9, 0.1 Al
of RT2M; lane 10, 0.1 yd of HAPO.12. (B) Reconstutition asays using the
hydroxylapatite fractions. Reactions, DNA templates, size run-off and
markers as in Figure 2B. Various combinations of the RNA polymerase B
(0.2 11) 43 kd STF (2 AI of DEO.35), DEO.25 (4 tl), SPIM (5 11), RT2M
(5 1l), HAPFT (20 jl), HAP. 12 (20 AI), HAPO.25 (20 AI) and HAPO.5
(20 Al) were tested for specific transcription activity as indicated at the top
of the figure.
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0.5 M (HAP0.5) fractions. Footprinting analysis showed that
> 80% of the UEF was eluted in the HAPO. 12 fraction (Figure
5A, lane 10), whereas the rest was eluted in the HAPO.25 frac-
tion (not shown). This fractionation resulted in a marked purifica-
tion of the UEF factor. The HAPO. 12 fraction contained only
a few of the proteins loaded on the column (Figure 7, compare
lanes 5 and 6), most of them being eluted in the HAPO.25 frac-
tion (not shown).
The HAPO.5 fraction was essential to restore accurate transcrip-

tion from both the '34' and '97' templates in the presence ofRNA
polymerase B, 43 kd STF, DEO.25 and SPIM fractions (Figure
SB, compare lane 7 for HAPO.5 with lanes 3, 4 and 5 for
HAPFT, HAPO. 12 and HAPO.25 fractions respectively). Thus
the HAPO.5 fraction contains at least one general transcription
factor (BTF2). Since the HAPO. 12 fraction contains the UEF
as revealed by DNase I footprinting it is clear that this factor
can be separated from all general transcription factors and it is
not necessary for accurate initiation of transcription from the
Ad2MLP (see Figure SB, lane 7). Addition of the HAPO. 12 frac-
tion to the transcription reaction resulted in only a moderate in-
crease in the '97/34' template ratio (Figure SB, lanes 6 and 7).
By scanning the autoradiogram, we found that the '97/34' ratio
was 1.9-fold higher after addition of HAPO. 12 (lane 6 versus

A Gradient Fraction

C L 1 2 3 4 5 6 7 8 9 10 1112131415 M

309- __
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lane 7). As expected, none of the fractions necessary for accurate
initiation of transcription from the '97' and the '34' templates
protected the UE sequence from DNase I digestion (Figure SA,
lanes 3-7 for 43 kd STF, RNA polymerase B, DEO.25, SPIM
and HAPO.5 fractions, respectively).

Glycerol gradient centrifugation
The apparent mol. wt of the UEF was determined by glycerol
density gradient centrifugation of the SPO.35 fraction. The
glycerol gradient fractions were assayed for the UEF by both
footprinting analysis and preferential stimulation of transcription
from the '97' template. The basic transcription reaction contained
the minimum amount of the SPO.35 fraction required to produce
an equal basal transcription from the '97' and the '34' template
(see Figure 3B, lanes 6 and 7), such that the addition of glycerol
gradient fractions containing the UEF should result in a specific
stimulation of transcription from the '97' template (Figure 3B,
lanes 8-10). Both the stimulatory activity and the DNase I foot-
print of the UEF were found in the same glycerol gradient frac-
tions (Figure 6A and B, lanes 5-7). This result strongly supports
the conclusion that it is the UE binding factor which is responsi-
ble for the stimulation of transcription from the wild-type
Ad2MLP. Centrifugation in parallel of marker proteins (Figure
6) indicated an apparent mol. wt of 55 8 kd for the UEF.

Sedimentation on -a glycerol gradient of the HAPO. 12 fraction
under the same conditions yielded an identical pattern of foot-
printing analysis (not shown; as in Figure 6B) and allowed us
to eliminate most of the proteins (compare lanes 6 and 7, in Figure
7). The corresponding glycerol gradient fractions contained essen-
tially two proteins migrating in the 54 and 57 1 3 kd region
(Figure 7, lane 7; the 65 kd band is an artefact due to silver stain-
ing procedure; for ref. see Tasheva and Dessev, 1983; Ochs,
1983).
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Fig. 6. Glycerol gradient analysis of SPO.35 fraction. 300 ul of the SP0.35
fraction was sedimented through a 5-25% glycerol gradient for 12 h at
60 000 r.p.m. in a SW60 rotor. The positions of chymotrypsinogen (25 kd),
ovalbumin (43 kd) and serum albumin (67 kd) in parallel marker gradients
are noted. (A) Gradient fractions were assayed after dialysis against buffer
C for stimulation of transcription of the '97' template in the presence of a
minimal amount (5 pi) of SP0.35 (see text) and 5 yu of SPIM, 4 ,u of
DE0.25, 2 ,u of DEO.35 (43 kd STF) and 0.2 itl of RNA polymerase B.
Reactions, DNA templates size run-off and markers as in Figure 2B. C
(control): no other addition; L: addition of 15 141 of the SP0.35 fraction;
1-15: addition of 25 11 of the gradient fractions. (B) DNase I footprinting
on the coding strand using the gradient fractions. N: naked DNA; L: 0.5 !d
of the SPO.35 fraction; 1-15: 20 1u of the various gradient fractions.
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Fig. 7. SDS-polyacrylamide gel analysis of the various steps of
purification. Aliquots (1 sg except for GG : 0.05) of the various protein
fractions (as indicated) were electrophoresed and silver stained as described
in Materials and methods. M: mol. wt markers. GO correspond to the pool
of fractions 6 and 7 of the glycerol gradient ultracentrifugation of the
HAPO.12 fraction. Small arrows indicate the position of the 54 and 57 kd
bands which correlate with UEF binding activities.
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Fig. 8. Nitrocellulose filter binding assay. The binding of the UEF to the
Ad2MLP upstream element was determined using the nitrocellulose filter
assay described in Materials and methods (Hossenlopp et al., 1974).
Reactions were incubated for 15 min at 24°C with 2000 c.p.m. (-2 ng) of
either pM677-X (SacI-BamHI) ( wild-type upstream element) or pMl-X
(SacI-BamiHI) (mutated upstream element) DNA fragment and increasing
concentrations of the various fractions. The difference, in c.p.m. retained,
between pM677-X (SacI-BamHI) and pMl-X (SacI-BamHI) has been
used to plot the curves. Approximately 10% of the mutated fragment is
retained in the conditions where all the wild-type UE fragment is retained
on the filter. GG corresponds to the pooled active fractions of the glycerol
gradient step.

Estimation ofthe purity ofAd2MLP-UEF in the variousfractions
We have used the specific retention of a DNA fragment con-

taining the Ad2MLP-UE on nitrocellulose filters in an attempt
to estimate the purity of the UEF in the various fractions (Figure
8). The 5' end-labelled Ad2MLP SacI-BamHI fragment
(-245/+33) of pM677-X (which has a wild-type UE, but a
mutated TATA box, see Miyamoto et al., 1984), was incubated
with increasing concentrations of the various fractions and the
solution filtered through a nitrocellulose filter. Non-specific reten-
tion was determined with the identical fragment of pMl-X which
has the same sequence as pM677-X, but a double point muta-
tion at -60 and -62, and does not exhibit any footprint on the
Ad2MLP sequence (Miyamoto et al., 1985). The difference (in
c.p.m. retained on the filter) between retention of the pM677-X
and pMl-X DNA fragment was used to plot the curves of Figure
8. The linear kinetics of the curves indicates that the binding of
a single UEF molecule to a molecule of Ad2MLP-UE is most
probably sufficient to cause its retention. Thus, using this assay
and an assuming estimated UEF mol. wt of 55 kd, the minimum
amount of UEF present in the various purification fractions can
be calculated. The UEF represents at least 4% and 13% of the
HAPO. 12 and glycerol gradient fraction total proteins respective-
ly. In good agreement with these values, we also calculated, from
the amount of protein necessary to obtain a 'full' footprint on
the UE, that the UEF represents 5.5% and 11% of the HAPO. 12
and glycerol gradient fraction proteins, respectively (Table I).

Discussion
We have previously reported that the stimulation of in vitro
transcription by the Ad2MLP-UE involves a specific factor pre-

sent in a HeLa WCE (Miyamoto et al., 1984, 1985). We report
here the purification of this factor. In addition, the present
purification procedure shows clearly that at least four general
transcription factors, all distinct from the UEF, are required in
addition to RNA polymerase B for accurate initiation of transcrip-
tion from the Ad2-MLP, irrespective of the presence of the
upstream element: the 43 kd STF which has been previously
isolated (Egly et al., 1984), a factor (BTF1) which is present
in the DEO.25 fraction and binds to the TATA box region
(T.Tamura, J.M.Egly and P.Chambon, unpublished results), and
two other general transcription factors (BTF2 and BTF3) which
are present in the HAP0.5 and SPIM fractions respectively
(Figure 1). These results are in agreement with those of other
groups, who have reported that several general transcription fac-
tors are required for initiation of the transcription from promoters
of class B (II) genes (Matsui et al., 1980; Tsai et al., 1981;
Samuels et al., 1982; Davison et al., 1983; Dynan and Tjian,
1983; Ackerman et al., 1983; Parker and Topol, 1984a; Fire
et al., 1984).
Starting from a HeLa WCE containing 3 g of protein we have

generally recovered - 2 jig of protein in the most purified frac-
tion (glycerol gradient). The Ad2MLP-UEF displayed an ap-
parent mol. wt of 55 8 kd as judged by centrifugation in a
glycerol gradient. Two major proteins present in the glycerol gra-
dient fraction containing UEF migrated on an SDS
polyacrylamide gel in the 55 kd region (Figure 7, lane 7). Us-
ing a nitrocellulose filter binding assay, we estimated the purity
of the UEF to be 4% and 13% of the HAP0.12 and glycerol
gradient fractions respectively. Using DNase I footprinting as
an assay, similar values of 5.5 and 11 % respectively were ob-
tained. These values are likely to be minimal estimates. First an
unknown fraction of the purified factor may have been inactivated
(with respect to binding to DNA) during the purification, par-
ticularly in the last steps where the factor is present at very low
concentration (see Table I). Secondly, the efficiency with which
the UEF-DNA complex is retained on the filter is unlikely to
be 100%. Thirdly, at the concentrations used in the present assay
the binding of one molecule of UEF to the DNA may require
the presence of more than one free molecule in solution. Thus
the purity of the UEF in the glycerol gradient fraction may be
>20% and the UEF corresponds most probably to one of the
two proteins of 54 and 57 kd seen in lane 7 of Figure 7.

It is difficult to estimate by how many fold the UEF has been
purified using the present purification scheme. However, from
the amount of protein required to observe a full footprint on UE-
DNA (Table I) or to give maximum retention on the nitrocellulose
filter (Table I and Figure 8), the UEF appears to have been
purified -700-fold from the Heparin-Ultrogel to the glycerol
gradient fraction. Since the transcription data suggest that an

- 10-fold purification was achieved by Heparin chromatography
(Table I), the overall purification is -7000-fold.
A loss of transcription stimulatory activity was observed dur-

ing the last steps of the purification of the UEF, although its
specific binding activity was maintained (see Figure 5B, lanes
6 and 7, and Figure SA, lane 10 respectively). This raises the
possibility that an additional factor may have been lost during
these steps. We were unable to restore the transcription activity
by complementation with the other HAP fractions (data not
shown). Further studies are in progress to determine whether
this loss of stimulatory activity is due to dilution-related inac-
tivation of the UEF and/or of other putative complementary fac-
tor(s), or to the concentration of an inhibitor. It is, however, clear
that the binding of the- UEF occurs in the absence of RNA
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polymerase B and the other transcription factors (Figure SA, lane
10).
The presence of a region of dyad symmetry in the Ad2MLP-

UE has been described by us (Miyamoto et al., 1985) and others
(Sawadogo and Roeder, 1985; Carthew et al., 1985). That the
UEF possesses 2-fold rotational symmetry was strongly suggested
by the pattern of dimethyl sulfate methylation protection ex-
periments which have shown that most of the Ad2MLP-UE G
residues which exhibit decreased or enhanced methylation in the
presence of the UEF were symmetrically situated in the two
halves of the dyad symmetry (Miyamoto et al., 1985). Thus the
Ad2MLP-UE may interact with either a protein dimer or a
monomeric protein exhibiting an internal symmetry. The alter-
native possibility that each of the two halves of the UE in-
dependently binds one molecule of factor is unlikely as we have
never observed independent protection of half of the dyad sym-
metry in footprint experiments carried out at limiting factor con-
centrations. At the present time we favor the hypothesis that the
UEF may be a monomeric protein molecule possessing an inter-
nal symmetry because the glycerol gradient experiments shown
in Figure 6 suggest the mol. wt of the putative factor to be the
same as that seen by denaturing SDS polyacrylamide gel elec-
trophoresis (Figure 7). Kinetic studies are in progress to in-
vestigate further whether the UEF is a monomeric or dimeric
molecule.

Materials and methods
Purification of the upstream element factor of Ad2MLP
The purification scheme is shown in Figure 1. All procedures were carried out
at 4°C. A HeLa WCE (70 ml) (Manley et al., 1980) was prepared from
1.5 x 1010 HeLa cells and applied onto a column (4 x 10 cm) of
Heparin- Ultrogel-A4R (IBF, Villeneuve-la-Garenne, France) (Davison et al.,
1983) equilibrated with buffer A [50 mM Tris-HCl pH 7.9, 100 mM KCI, 5 mM
MgCI2, 0.5 mM dithiothreitol (DTT) and 17.4% glycerol]. The column was wash-
ed (60 ml/h) sequentially with two column volumes of buffer A (HFT fraction),
1.5 column volumes of buffer A containing 0.24 M KCI, and finally 1.5 col-
umn volumes of buffer A containing 0.6 M KCI (HO.6 fraction). The HFT peak
was then applied to a DEAE-cellulose (Whatman DE 22) column (2.5 x 8 cm)
equilibrated in buffer A. After washing the column with two volumes of buffer
A, the fraction containing the transcription stimulatory activity (43 kd STF, see
Egly et al., 1984) was eluted with buffer A containing 0.35 M KCI (DEO.35
fraction). This fraction was dialyzed against buffer B (10 mM Tris HCI pH 7.9,
50 mM KCI, 5 mM MgCl2, 0.5 mM DTT, 17.4% glycerol), and used as source
of STF in all transcription assays. The HO.6 fraction was dialyzed against buffer
C (50 mM Tris HCI pH 7.9, 50 mM KCI, 0.5 mM DTT, 0.1 mM EDTA and
8.7% glycerol) and assayed for transcriptional activity in the presence of the 43 kd
STF. The transcriptionally active HO.6 fractions obtained from three prepara-
tions were pooled and applied onto a preparative h.p.l.c. DEAE SPW column
(2.15 x 15 cm) (generous gift from Toyo-Soda, Japan) equilibrated in buffer
C. After washing (2 ml/min) with two column volumes of buffer C (DEFT frac-
tion) the absorbed proteins were successively eluted with 0.15 M KCI (DEO. 15
fraction), 0.2 M KCI (DEO.2 fraction), 0.25 M KCI (DEO.25 fraction) and 1 M
KCI (DEIM fraction) in buffer C. Each eluted fraction was dialyzed against buffer
C and the DEO. 15 fraction was then applied onto a h.p.l.c. sulfopropyl (SP, SPW,
TSK) column (7.5 x 75 mm) equlibrated in buffer C. The column was washed
(0.6 nl/min) with two column volumes of buffer C (SPFT fraction) and proteins
were eluted with 0.18 M KCI (SPO. 18 fraction), 0.35 M KCI (SPO.35 fraction)
and 1 M KCI (SPIM fraction) in buffer C. Each fraction was dialyzed against
buffer C containing 20% glycerol and the SPIM fraction was stored in 0.2 ml
aliquots at -80°C. The SPO.35 peak was then applied onto a column (2 ml volume
in a Treff tip) of Red Trisacryl [Red 120 (Sigma) was immobilized on Trisacryl
GF2000 (generous gift from IBF, France)] and the column was washed (8 ml/h)
with five column volumes of buffer C (RTFT fraction), and proteins were eluted
with five column volumes each of 0.5 M KCI (RT0.5 fraction), 0.8 M KCI (RTO.8
fraction) and 2 M KCI (RT2M fraction) in buffer C. Fractions of 0.5 ml were
collected and the RT2M fraction was dialyzed against buffer D (10 mM potassium
phosphate pH 7, 0.01 mM CaC12, 0.5 mM DTT, 8.7% glycerol); the RT2M
fraction was applied onto a column (0.5 ml volume in a Treff tip) of hydroxyl-
apatite (BDH, UK) equilibrated in buffer D. The column was washed (5 in/h)
with five column volumes of buffer D (HAPFT fraction) and proteins were eluted

witheight column volumes each of 0.12 M (HAP0. 12 fraction), 0.25 M (HAP0.25
fraction), 0.5 M (HAP0.5 fraction) potassium phosphate pH 7 in buffer D. Frac-
tions of 0.3 ml were dialyzed and 0.3 mlof HAPO. 12 fraction were sedimented
through 5-25% glycerol gradients for 12 h at 60 000 r.p.min a SW60rotor.
The fractions were stored at -80°C in 20% glycerol buffer.

In vitro transcription
The in vitro transcription run-off assay consisted of a 15 minpre-incubation at

24°C in a 16-40 1l reaction volume containing 50 mM Tris-HClpH 7.9, 6 mM
MgCI2, 0.1 mM EDTA, 0.5 mM DTT, 50 mM KCI, 8% glycerol, 150 ng of
the AccI-digested pM34.97 plasmid and protein fractions as described in figure
legends. Each transcription assay contains the 43 kd STF [2 I1 (2 Ag) of DEO.35
fraction; Egly et al., 1984] and 0.2 u1 (0.002 units) of partially purified calf thymus
RNA polymerase B except otherwise indicated. After the pre-incubation period,
2 i1 of a mixture containing 6 mM MgCI2, 50 mM KCI, 2.5 mM each of ATP,
GTP and UTP and 12.5 /AM CTP containing 2-5 itCi [a-32P]CTP was added
to start RNA synthesis. Reactions were stopped after 45 min at 24°C, and the
RNA run-off transcripts were purified and analyzed on 5% acrylamide 8.3 M
urea gels as described in Davison et al. (1983).
DNAse Ifootprinting
DNase I footprinting assay was performed as previously described (Miyamoto
et al., 1985) and consisted of a 10-min pre-incubation at 24°C in a 18 I1 reac-

tion volume containing variable amounts of the protein fraction, - 1 ng
(10 000 c.p.m.) of the XhoI-BamHl fragment of pM677 (5' end labelled on

the RNA coding strand with [-y-32P]ATP and T4 polynucleotide kinase; Maniatis
et al., 1982), 30-50 ng of unlabelled carrier pBR322 DNA fragments, 30 mM
Tris HCI pH 7.9, 6 mM MgCl2, 50 mM KCI, 0.07 mM EDTA, 0.3 mM DTT
and 7% glycerol. After the pre-incubation 2 i1 of buffer C containing 20 ng of
DNase I (Worthington) was added and the reaction mixtures were incubated at

24°C for 2 min. Reactions were stopped and DNA digestion products were purified
by phenol (0.05 M Tris-HCl, pH 7.9-saturated) extraction followed by ethanol
precipitation and analyzed on 8% acrylamide 8.3 M urea gels followed by
autoradiography.
Filter binding assay
The filter binding assay was done as described by Hossenlopp et al. (1974). The
various protein fractions were incubated with 2 ng (2000 c.p.m.) of either
pM677-X (SacI-BamHI) or pMl-X (SacI-BamHI) DNA fragment at 240C for
15 min in buffer C containing 100 itg/ml bovine serum albumin and 10 Ftg/ml
poly(dI.dC) for HO.6, DEO. 15 and SP0.35 fractions or 2 jig/ml poly(dI.dC) for
RT2M and HAPO. 12 fractions in a final volume of 22 i1. The solution was then
diluted to 200 i1 with buffer C containing 100 ug/ml bovine serum albumin, filtered
through a nitrocellulose filter (Millipore HAWP, 25 mm diameter) with gentle
suction. The filter was washed with 4 x 1 ml of the same buffer, dried and the
radioactivity determined in a liquid scintillation counter. Blanks without proteins
were treated simultaneously and the blank values (2% of the input DNA frag-
ment) were subtracted.
Other methods
Protein concentration was determined by a Coomassie blue staining method
(McKnight, 1977). Protein gel electrophoresis was on 9% SDS-polyacrylamide
gel and staining was carried out by either the Coomassie blue or the silver stain-
ing (Wray et al., 1981) method.
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